Cyclooxygenase (COX-1/COX-2)-catalyzed eicosanoid formation plays a key role in inflammation-associated diseases. Natural forms of vitamin E are recently shown to be metabolized to long-chain carboxychromanols and their sulfated counterparts. Here we find that vitamin E forms differentially inhibit COX-2-catalyzed prostaglandin E 2 in IL-1␤-stimulated A549 cells without affecting COX-2 expression, showing the relative potency of ␥-tocotrienol Ϸ ␦-tocopherol > ␥-tocopherol Ͼ Ͼ ␣-or ␤-tocopherol. The cellular inhibition is partially diminished by sesamin, which blocks the metabolism of vitamin E, suggesting that their metabolites may be inhibitory. Consistently, conditioned media enriched with long-chain carboxychromanols, but not their sulfated counterparts or vitamin E, reduce COX-2 activity in COX-preinduced cells with 5 M arachidonic acid as substrate. Under this condition, 9-or 13-carboxychromanol, the vitamin E metabolites that contain a chromanol linked with a 9-or 13-carbon-length carboxylated side chain, inhibits COX-2 with an IC 50 of 6 or 4 M, respectively. But 13-carboxychromanol inhibits purified COX-1 and COX-2 much more potently than shorter side-chain analogs or vitamin E forms by competitively inhibiting their cyclooxygenase activity with K i of 3.9 and 10.7 M, respectively, without affecting the peroxidase activity. Computer simulation consistently indicates that 13-carboxychromanol binds more strongly than 9-carboxychromanol to the substrate-binding site of COX-1. Therefore, long-chain carboxychromanols, including 13-carboxychromanol, are novel cyclooxygenase inhibitors, may serve as anti-inflammation and anticancer agents, and may contribute to the beneficial effects of certain forms of vitamin E.
C yclooxygenases (COX-1 and COX-2) catalyze the conversion of arachidonic acid (AA) to prostaglandin H 2 (PGH 2 ), the common precursor to prostaglandins and thromboxanes that are important lipid mediators for regulation of many physiological and pathophysiological responses (1) . COXs are bifunctional enzymes that carry out two sequential activities-i.e., the cyclooxygenase activity, which leads to the formation of prostaglandin G 2 (PGG 2 ), and the peroxidase activity, which reduces PGG 2 to PGH 2 (2) . COX-1 is constitutively expressed in many tissues, including platelets where thromboxanes are generated by this enzyme to promote platelet aggregation. COX-2 is often induced under acute/chronic inflammatory conditions and is mainly responsible for the generation of proinflammatory eicosanoids, including prostaglandin E 2 (PGE 2 ) (3). COX inhibitors, which are nonsteroidal anti-inflammatory drugs (NSAIDs), have been used for the relief of fever, pain, and inflammation (4) . Chronic inflammation has been identified as a significant factor in the development of cancer (5) . It is well established that NSAIDs are effective chemoprevention agents for cancer (6) , although their long-term use has been questioned due to the associated gastrointestinal side effects and increased risk of cardiovascular diseases (7, 8) .
Vitamin E comprises eight lipophilic antioxidants: ␣-, ␤-, ␥-and ␦-tocopherol (␣-, ␤-, ␥-, and ␦-T) and ␣-, ␤-, ␥-, and ␦-tocotrienol (␣-, ␤-, ␥-, and ␦-TE) (Fig. 1A) . Among them, ␣-T, the predominate form of vitamin E in tissues, has drawn the most attention and been extensively studied in animals and in human clinical trails (9-11).
However, studies by us and others indicate that compared with ␣-T, other forms of vitamin E appear to have superior bioactivities that are important to disease prevention and/or therapy (12) . For instance, ␥-T, the major form of vitamin E in U.S. diets, inhibits COX-2-catalyzed PGE 2 to a greater extent than ␣T in lipopolysaccharide-activated macrophage and interlukin-1␤ (IL-1␤)-treated epithelial cells (13) . In a rat inflammation model, ␥-T but not ␣-T inhibits proinflammatory eicosanoid and attenuates inflammationinduced damage (14) . We also documented that ␥-T, in contrast to ␣-T, inhibits the growth and induces death of cancer cells but has no effect on normal epithelial cells (15) .
The reasons for the different bioactivity between ␣-T and other forms of vitamin E are not well understood, but may be, in part, rooted in their distinct metabolism. ␣-T is well retained in tissues because it is preferentially protected by ␣-tocopherol transfer protein from being degraded (12, 16) . However, other forms of vitamin E, including ␥-T, are readily metabolized by cytochrome P450-mediated -hydroxylation and oxidation of the 13Ј-carbon on the hydrophobic side chain to generate 13Ј-carboxychromanol (Fig. 1B) , which is further degraded by ␤-oxidation to form the terminal urinary-excreted metabolite CEHC (2-(␤-carboxyethyl)-6-hydroxychroman, or 3Ј-carboxychromanol) (Fig. 1B) (12, 16) . Recently, we and others reported that vitamin E forms are metabolized to long-chain carboxychromanols, i.e., 9Ј-, 11Ј-, 13Ј-carboxychromanol (17, 18) , and sulfated 9Ј-, 11Ј-, 13Ј-carboxychromanol, in human lung epithelial A549 cells (17) (Fig. 1B) . Importantly, sulfated long-chain carboxychromanols and 13Ј-carboxychromanol are found in rat plasma and liver subsequent to ␥-T supplementation (17) . It is not clear, however, whether these metabolites have important biological activities that may account for the beneficial effects of vitamin E. In the present study, we systemically examined the effect of different forms of vitamin E and their metabolites on cyclooxygenase-catalyzed reaction in IL-1␤-activated A549 cells and in enzyme assays using purified COX-1 and COX-2.
␦-T (IC50 at 1-3 M) Ͼ ␥-T (IC50 at 6-7 M), whereas ␣-T, ␤-T (no inhibition at 50 M), or ␣-TE (20% inhibition at 20 M) were much less or not effective at physiologically relevant concentrations. The differential inhibition was not due to differences in cellular accumulation of vitamin E forms. For example, when cellular uptake of ␥-T (0.83 Ϯ 0.1 nmoles/10 6 cells after 10 M of ␥-T was incubated with A549 cells for 18 h) was similar to that of ␣-T (1.05 Ϯ 0.13 nmoles/10 6 cells after 25 M of ␣-T was incubated with A549 cells), ␥-T, but not ␣-T, potently inhibited PGE 2 (Fig. 2) .
To investigate whether the inhibitory action remains in the presence of exogenous AA, cells were incubated with fresh media containing 5 M AA for 5 min at the end of the chronic IL-1␤-treatment experiments. Under this condition, the IC50s of ␥-T, ␦-T, and ␥-TE increased to 25, 10, and 10 M, respectively. This observation suggests that the inhibitory effect was independent of substrate (AA) availability and appeared to be stronger with endogenous ( Fig. 2) than exogenous AA. Results from Western blotting showed that vitamin E forms did not affect IL-1␤-induced COX-2 protein expression (Fig. 2C) , which is consistent with our previous observations (13) . These findings suggest that the inhibitory effect on PGE 2 likely stems from their inhibition of COX-2 activity.
Recent studies showed that when chronically incubated with A549 cells, vitamin E forms are metabolized to long-chain carboxychromanols (17, 18) and sulfated carboxychromanols (17) . We therefore investigated whether the metabolism of vitamin E affect their inhibition of PGE 2 . Coincubation with sesamin (SI), which is an inhibitor of tocopherol -hydroxylase (20) and blocks vitamin E metabolism in A549 cells (17, 18) , significantly diminished the inhibitory potency of ␥-T (Fig. 2 A) . However, sesamin alone at 1 M did not affect PGE 2 generation (data not shown). Sesamin also moderately diminished the inhibitory effect of ␦-T and ␥-TE ( Fig. 2 A and B) . Ketoconazole, another cytochrome P450 inhibitor, similarly attenuated the inhibitory action of vitamin E (data not shown). These observations suggest that the inhibition of PGE 2 during chronic IL-1␤ treatment may be, in part, caused by the metabolites generated from vitamin E. However, because sesamin did not completely abolish the inhibitory action, ␥-T, ␦-T, and ␥-TE appear to be capable of inhibiting COX-2 activity in this cellular system. In addition, the observation that sesamin showed more pronounced effect on ␥-T than ␦-T or ␥-TE may be explained by the fact that ␦-T and ␥-TE appear to be stronger inhibitors than ␥-T (Fig. 2  A and B) . Assays. Long-chain carboxychromanols (i.e., 9Ј-, 11Ј-, and 13Ј-COOH) (17, 18) and sulfated long-chain carboxychromanols (i.e., 9ЈS, 11ЈS, and 13ЈS) (Fig. 1B and ref. 17 ) are accumulated in culture media when vitamin E forms are incubated with confluent A549 cells. To investigate whether these metabolites directly inhibit COX activity, we examined the conditioned media in intact-cell assays where COX-2 was preinduced and 5 M AA was added as substrate. The conditioned media from ␥-T and ␦-T, which contained predominantly unconjugated 9Ј-, 11Ј-, and 13Ј-carboxychromanol (17) (supporting information (SI)), dose-dependently inhibited COX-2 activity (Fig. 3A) . The media from ␦-T were slightly more potent than those from ␥-T, likely due to the higher concentrations of the metabolites generated from ␦-T (17) (SI). However, conditioned media from ␣-T did not show any effect, consistent with the fact that ␣-T is not metabolized to the long-chain metabolites by these cells (17, 18) . Three control experiments were conducted to confirm that the inhibitory effect was executed by the metabolites rather than the precursor vitamins or any nonspecific oxidation products. Specifically, freshly made vitamin E forms (up to 50 M) did not inhibit COX-2 activity in these intact-cell assays (data not shown), indicating that vitamin E remaining in the media did not contribute to the inhibitory effect. In addition, the media obtained by coincubation of vitamin E and sesamin, or by incubation of vitamin E in cell-free dishes, failed to show any inhibition (data not shown).
To distinguish the inhibitory effect by the carboxychromanols from that of their sulfated counterparts, we took advantage of the observation that 85% metabolites from ␥-TE were in the unconjugated form during the first 24 h incubation, whereas more than 90% metabolites became sulfated after 72 h incubation (Fig. 3B) . Meanwhile, the amount of total metabolites only slightly increased from 24 to 72 h (Fig. 3B) . Using the conditioned media obtained after 24, 48, and 72 h incubation, we found that the inhibitory effect on COX-2 gradually diminished when the metabolites shifted from nonconjugated long-chain carboxychromanols (open triangle) at 24 h to their sulfated derivatives (open circle), which became predominant at 72 h (Fig. 3B) . These findings strongly suggest that the carboxychromanols, but not their sulfated counterparts, are responsible for the observed inhibitory effect.
In addition, ␥-CEHC has previously been reported to inhibit COX-2 in intact-cell assays (13, 21) . Because no ␥-CEHC or other short side-chain carboxychromanol (such as 5Ј-or 7Ј-carboxychromanol) were generated by A549 cells (17, 18) , we reason that the long-chain carboxychromanols are responsible for the inhibitory effect.
13-Carboxychromanol Strongly Inhibited Purified COX-1 and COX-2.
To directly examine the inhibitory potency of a specific longchain carboxychromanol on COX activity, we isolated 9Ј-COOH and 13Ј-COOH from ␦-T-conditioned media because of their relatively high abundance. In the intact-cell assays, isolated 9Ј-COOH and 13Ј-COOH inhibited COX-2 with an apparent IC 50 of 6 or 4 M, respectively (Table 1) . Ibuprofen and acetaminophen also inhibited COX-2 activity with an IC 50 of 5 and 200 M, respectively (Table 1) .
Potential inhibition of COX-1 and COX-2 was further examined in purified-enzyme assays where PGF 2␣ and PGE 2 were the major end products. Under this condition, only strong COX inhibitors, such as ibuprofen, but not weak inhibitors, such as acetaminophen, are inhibitory (Table 1) . 13Ј-COOH inhibited COX-1 and COX-2 activity with an apparent IC 50 of 5 and 4 M, respectively (Table 1) . However, 9Ј-COOH at 20 M did not inhibit either enzyme. We were not able to evaluate the effect of 9Ј-COOH at higher concentrations because of the limited amount of materials. As a comparison, ␥-CEHC and ␣-CMBHC (5Ј-COOH) showed weak inhibition of COX-1 and COX-2 (Table 1) . Consistent with the previous observations (13, 21) , unmetabolized vitamin E forms did not inhibit purified COX-1 or COX-2 at 50 M.
To elucidate the inhibitory mechanism, we investigated the effect of 13Ј-COOH on the cyclooxygenase and peroxidase activity. Enzyme kinetic studies indicated that 13Ј-COOH acted as a competitive inhibitor for the cyclooxygenase activity of COX-1 (Fig. 4) and COX-2 with K i at 3.9 and 10.7 M, respectively, whereas the K m of AA was 6 M (COX-1) and 16 M (COX-2). However, 13Ј-COOH had no significant impact on the peroxidase activity at concentrations of 30 M (data not shown).
Computer Simulations. The enzyme kinetic data (Fig. 4 ) strongly suggest that 13Ј-COOH competes with arachidonic acid for the binding at the substrate-binding site of the enzyme. To further understand the differential inhibition observed between 9Ј-and 13Ј-carboxychromanol, we used computer simulations to analyze their binding to the AA-binding site of COX-1. Based on the procedure that combines docking and averaged scoring over 50 snapshots of a 500 ps MD simulation, we identified a unique energetically-lowest binding mode for 9Ј-, 13Ј-COOH, and AA. The identified configuration for AA is in agreement with the X-ray structure (PDB ID code 1DIY). The estimate of the relative free energies of binding among 13Ј-, 9Ј-carboxychromanol, and AA is consistent with the results of the enzyme assays The effect of purified 9Ј-COOH and 13Ј-COOH on COX activity was assayed in intact cells or using purified ovine COX-1 and human recombinant COX-2 (details described in Materials and Methods). Results were obtained based on two or three independent experiments and expressed as mean Ϯ SD. *The intact-cell assays were conducted in COX-2 preinduced A549 cells with 5 M AA for 5 min. † Assays were conducted with purified enzymes in the presence of 5 M AA for 2 min. ‡ 9Ј-COOH and acetaminophen at 20 and 250 M (the maximal concentrations tested), respectively, did not show any inhibitory effect on purified COX-1 or COX-2. § Previously reported (13, 21) . n.d., not determined. (Table 1 ; K i vs. K m ): 13Ј-COOH is calculated to bind 0.69 Ϯ 0.24 kcal/mol stronger than AA (99.9% confidence level), whereas 9Ј-COOH binds 2.72 Ϯ 0.21 kcal/mol weaker (99.9%).
Fig . 5 reveals the detailed interaction between 13Ј-COOH and the key amino acids at the substrate binding site. Compared with 9Ј-COOH, the chroman moiety of 13Ј-carboxychromanol binds deeper into the hydrophobic binding pocket and its conformation is more favorably accommodated by aromatic residues (i.e., Phe-209 and Phe-381; Fig. 5 , carbon atoms in yellow). Furthermore, the 6-OH group of 13Ј-carboxychromanol appears to be engaged in a hydrogen bond with the backbone carbonyl of His-226. This hydrogen bond is, however, not observed when 9Ј-COOH binds. Like AA, the carboxylic acid group of 13Ј-COOH appears to form hydrogen bonds with Tyr-355 and Arg-120.
Discussion
Cyclooxygenase-catalyzed generation of proinflammatory eicosanoids plays important roles in regulation of inflammatory responses and contributes to the development of chronic diseases such as cancer (5, 6) . A major finding of the current study is that long-chain carboxychormanols, which are metabolized from vitamin E forms via -and ␤-oxidation of the hydrophobic side chain, are potent inhibitors of cyclooxygenases. However, the sulfated carboxychromanols, which can also be generated from vitamin E (17), appear to be ineffective. We show that although both 9Ј-COOH and 13Ј-COOH inhibit COX-2 activity in intact-cell assays, 13Ј-COOH is a much more potent inhibitor of COX-1 and COX-2. 13Ј-COOH acts as a competitive inhibitor for the cyclooxygenase activity but did not appear to inhibit the peroxidase activity. Compared with long-chain carboxychromanols, ␥-CEHC, ␣-CMBHC, and vitamin E forms such as ␥-T, ␦-T, and ␥-TE are weak inhibitors of COX-2.
The observation that 13Ј-COOH is a more potent inhibitor than vitamin E forms or shorter side-chain carboxychromanols, including 9Ј-COOH and 3Ј-COOH (␥-CEHC), indicates that the conversion of 13Ј-carbon to a carboxylic acid and the length of the side chain are important determining factors for COX inhibition by these chromanol analogs. Enzyme kinetic data showed that 13Ј-COOH is a competitive inhibitor of COX and therefore competes with AA for binding to the substrate-binding site. It is believed that the carboxylate group of AA forms ion pair or a hydrogen bond with conserved Arg-120 and Tyr-355 at the substrate binding site of COX (22, 23) . The importance of these interactions is supported by the observation that site-direct mutagenesis of Arg-120 leads to an increase of the K m for AA binding (24) and renders the enzyme resistant to inhibition by carboxylic acid-containing NSAIDs (25) . It is conceivable that the carboxylate group of carboxychromanols may interact similarly with Tyr-355 and the guanidinium group of Arg-120, whereas no such interaction can be formed with vitamin E. Computer simulations consistently indicate that 13Ј-COOH can form an extended L-shaped conformation to fit in the substrate binding pocket, and its carboxylate group interacts with Arg-120 and Tyr-355 (Fig. 5) . Compared with 9Ј-COOH, the longer side . The initial rate of the oxygen consumption during the cyclooxygenase reaction was followed using an oxygen microelectrode. The K m and V max of the reactions in the absence and presence of 13Ј-COOH were calculated using nonlinear regression (GraphPad Prism 3.02). The competitive inhibition is shown by a Lineweaver-Burk plot. chain linking carboxy and chroman group in 13Ј-COOH appears to facilitate a more favorable binding by interacting with more hydrophobic amino acids and by facilitating the interaction of the chromanol ring with Phe-209, Phe-381, and His-226 (Fig. 5) . Similarly, the longer side chain of 9Ј-COOH may render a stronger interaction with the enzyme than ␥-CEHC and therefore a more potent inhibitory effect. However, sulfated longchain carboxychromanols may not interact favorably with the majority of hydrophobic amino acids at the AA binding site due to the strong polarity of the sulfate group. The inhibitory action of 9Ј-COOH, ␥-CEHC, and vitamin E showed discrepancy between cell-culture and enzyme-based assays. Thus, although ␥-T, ␦-T, and ␥-TE reduced PGE 2 formation in IL-1␤-activated A549 cells, and 9Ј-COOH or ␥-CEHC inhibited COX-2 activity in intact-cell assays, these compounds are much less or not inhibitory to the purified enzymes (Table 1 ). This selectivity between the cellular and enzyme studies resembles the scenario of weak COX inhibitors (e.g., acetaminophen and salicylate), which have been reported to inhibit COX activity at low micromolar concentrations in cultured cells but are largely ineffective in assays with purified enzymes (19, 26, 27) . The observed selectivity has been attributed to the relatively low level of hydroperoxide, such as PGG 2 , generated in the cellular environments, in contrast with the relatively high and rapid PGG 2 formation by purified enzymes (26, 27) . We therefore reason that like acetaminophen and salicylate, ␥-CEHC, ␥-T, ␦-T, and ␥-TE are weak COX-2 inhibitors that inhibit COX-2 in some cellular environments when the level of hydroperoxide is relatively low. 9Ј-COOH is also less efficient in enzyme-based assays (Table 1) , but its K i needs to be further determined. These findings suggest that vitamin E forms and short-side chain carboxychromanols may exhibit varied anti-inflammatory effects (28) , which are greatly affected by the level of peroxide generated, as well as the concentration of AA and COXs at the site of inflammation (26, 27) . However, like ibuprofen, 13Ј-COOH showed consistent inhibitory action in cells and with purified enzymes, and is therefore likely to be a strong anti-inflammatory agent.
One important implication of our current findings is that the differential bioactivities among vitamin E forms such as ␣-T and ␥-T may, in part, be rooted in their distinct metabolism. Specifically, long-chain carboxychromanols may contribute to in vivo anti-inflammatory effect of ␥-T (28). However, compared with ␥-T, carboxychromanols generated from ␣-T are likely to be quantitatively much less important because ␣-T is protected by ␣-tocopherol transfer protein (12, 16) and is degraded by tocopherol--hydroxylase to a much less extent (29) . To this end, we and others have shown that ␥-T inhibits proinflammatory eicosanoids at the inflammatory site and attenuates inflammation-caused damage in various animal models (14, (30) (31) (32) (33) . Himmelfarb et al. (34) reported that ␥-T-enriched, but not ␣-T-enriched, mixed tocopherols inhibit proinflammatory C-reactive protein and IL-6 in kidney dialysis patients. We recently showed that 13Ј-COOH is detected in the plasma and liver in rats supplemented with ␥-T (17). Our unpublished data revealed that high amounts of 13Ј-COOH (50-90 nmoles/g) are found in rat feces after ␥-T supplementation (Q.J. and H.F., unpublished observation). This suggests that 13Ј-COOH, a potent inhibitor of cyclooxygenases and potentially accumulated in colon tissues, may contribute to the impressive anticancer effect of mixed tocopherols enriched with ␥-T and ␦-T on aberrant crypt foci in azoxymethane-induced colon cancer in rodents (35) .
Long-chain carboxychromanols and their analogs may be novel and useful anti-inflammatory agents. We have previously shown that ␥-CEHC inhibited proinflammatory PGE 2 at the site of inflammation in an air-pouch inflammation model in the rat (14) . In the same animal model, ␣-CMBHC also reduced PGE 2 by 34% and exudate volume, an inflammation index, by 23% (Q.C. and M. Moreland, unpublished data). Because 13Ј-COOH is much more potent than ␥-CEHC and ␣-CMBHC in the inhibition of cyclooxygneases, it is conceivable that 13Ј-COOH may show much stronger anti-inflammatory effect in vivo than these short side-chain analogs. The current study warrants further investigation of in vivo anti-inflammatory activity of long-chain carboxychromanols and their potential use as anticancer agents.
Materials and Methods
Materials. ␣-T (99%), ␥-T (97%-99%), and ␦-T (97%) were purchased from Sigma. ␥-CEHC, ␣-CMBHC (5Ј-COOH analog, 5-(6-hydroxy-2,5,7,8-tetramethylchroman-2-yl)-pentanoic acid, COX-2 antibody, human recombinant or ovine COX-2, and ovine COX-1 were from Cayman Chemicals. ␣-TE and ␥-TE were gifts from BASF. Tissue culture reagents were from Invitrogen. Human recombinant IL-1␤, sesamin, ketoconazole, and all other chemicals were from Sigma.
PGE2
Generation by IL-1␤ Stimulated A549 Cells. Human lung A549 cells were obtained from American Type Culture Collection and routinely cultured in RPMI-1640 with 10% FBS. Cells (2.5-3 ϫ 10 5 per well) were seeded and allowed to attach overnight in a 24-well plate. Vitamin E stock solutions were initially made in DMSO and then diluted in 10 mg/ml of fatty acid-free BSA. Confluent cells were incubated in DMEM containing 1% FBS with 0.05% DMSO (control) or vitamin E forms for 14 -16 h, and then 2 ng/ml of IL-1␤ was added for 24 h. PGE 2 accumulation in the media was measured by an ELISA from Cayman Chemicals.
COX-2 Activity in the Intact-Cell Assays. The effect on COX-2 activity was examined in the intact-cell assays as previously described (19) . Briefly, COX-2 was preinduced in A549 cells by 0.5 ng/ml of IL-1␤ for 6 h. Cells were then incubated with fresh medium containing tested compounds for 30 min. The enzyme reaction was initiated by addition of 5 M AA for 5 min. PGE2 accumulated in the media was measured as an index of COX-2 activity using ELISA.
COX-1 and COX-2 Activity Assay Using Purified Enzymes. The enzymatic reactions were performed in 0.1 M Tris (pH 8.0) in the presence of 5 mM EDTA, 2 mM phenol, and 1 M hematin (19) . Tested compounds were first incubated with COX-1 or COX-2 at room temperature for 10 min. Enzymatic reactions were initiated by addition of AA at a final concentration of 5 M for 2 min and stopped by addition of 0.1 M HCl. Stannous chloride in 0.1 M HCl was added to reduce PGG 2 and PGH2 to PGF2␣. Prostaglandins were extracted by 2.5 vol of ethyl acetate, and the organic layer was dried under N2. PGF2␣ and PGE2 were quantified using ELISA assays.
Cyclooxygenase and Peroxidase Activity. The cyclooxygenase activity was measured by monitoring the initial rate of oxygen consumption (nanomoles per minute) in a MT200 glass chamber using a model 1302 oxygen electrode (Warner Instruments, LCC). The standard assay solution contained 0.1 M Tris (pH 8.0), 5 mM EDTA, 2 mM phenol, and 1 M hematin. Tested compounds were first incubated with ovine COX-1 or COX-2 for 10 min, and the reaction was initiated by an injection of AA (6 -200 M). The peroxidase activity was determined by following N,N,NЈ,NЈ-tetramethyl-p-phenylenediamine (TMPD) oxidation by hydrogen peroxide as previously described (36) .
Preparation of Conditioned Media and Quantitation of Vitamin E Metabolites.
Metabolite-containing conditioned media were prepared by incubation of vitamin E forms with confluent A549 cells in DMEM with 1% FBS for 24 -72 h. In some experiments, media from incubation of vitamin E in cell-free dishes or coincubation of vitamin E with sesamin were prepared. Conditional media were collected and stored in Ϫ20°C before use. Long-chain carboxychromanols and their sulfated counterparts in culture media were extracted and quantitated by an HPLC assay with fluorescent detection as previously described (17) .
Isolation of 9-COOH and 13-COOH. 9Ј-and 13Ј-carboxychromanol were purified from conditioned media of ␦-T using a Supelcosil LC-18-DB Semiprep column (Supelco) by HPLC as previously described (17) . The isolated fractions were freeze dried, quantified using HPLC, and stored in Ϫ80°C until use.
Western Blot. Cells were lysed in Tris-EDTA, 1% SDS, and 1 mM DTT with protease inhibitor cocktails (Sigma), and the resulting solution was heated at 95°C for 5 min. Proteins (10 -25 g) were loaded on 10% precast SDS-PAGE gels. Resolved proteins were transferred onto a PVDF membrane (Millipore) and probed by antibodies. Membranes were exposed to chemiluminescent reagent (NEN, Life Science Products) and visualized on Kodak film. Statistical Analysis. Unpaired student's t tests were used in the statistical analysis.
Molecular Modeling. 13Ј-carboxychromanol, 9Ј-carboxychromanol, and AA were docked into the binding pocket of COX-1 (PDB ID code 1IGZ) using AutoDock 4 (37). Molecular dynamic (MD) simulations were run for all docking complexes to investigate the stability of the proposed docking configuration and to reliably predict the relative binding affinities of the compounds. On average, the resulting protein structures differ by 1.5 Å rmsd from the original X-ray structure (PDB ID code 1DIY). Based on the final 500 ps interval of the MD simulation, molecular mechanics/Poisson-Boltzmann surface area (MM/PBSA) method (38) and linear interaction energy (LIE) analysis (39) were applied. Both methods failed (for details, see SI) to reproduce the X-ray structure of COX-1 bound AA as the energetically lowest configuration. In a recent study, Anderson and coworkers (40) showed reliable correlations between calculated and experimental biological activity when using a scoring function averaged over an ensemble of docking complexes. Similar to this concept, 50 snapshots were generated from the final section of the MD simulation, and the average binding affinity between ligand and COX-1 was computed using the ChemScore scoring function (41) . More detailed description of the computer simulations is provided in SI.
